Purpose. Staphylococcus epidermidis is the predominant contaminant of platelet concentrates (PCs), a blood product used to treat patients with platelet deficiencies. This microorganism is able to form surface-attached aggregates (biofilms) in human skin. Herein, the abundance of S. epidermidis biofilm-producers in contaminated PCs compared to skin isolates was explored. Furthermore, the potential positive selection of S. epidermidis biofilm-producers during the blood donation process and PC manufacturing was investigated.
INTRODUCTION
Staphylococcus spp are the most ubiquitous bacteria in moist areas of the human skin including the antecubital fossa [1, 2] . Within this group, the coagulase negative Staphylococcus epidermidis is highly relevant in transfusion medicine as it is a major contaminant of platelet concentrates (PCs), a blood product used to treat patients with low platelet counts and bleeding disorders. S. epidermidis is introduced into blood collection bags through venipuncture during the donation process [3] [4] [5] . This bacterium is considered an opportunistic pathogen and plays a major role in nosocomial infections. S. epidermidis has been involved in transfusion septic reactions and even fatalities [6] [7] [8] . The ability of S. epidermidis to form surface-attached cell aggregates known as biofilms contributes to its virulence profile [9] . Biofilms confer elevated resistance to antibiotics, disinfectants and immune clearance [10] [11] [12] [13] . A major component of typical S. epidermidis biofilms is the extracellular polysaccharide matrix called polysaccharide intercellular adhesin (PIA), which is comprised of poly-beta-1,6-N-acetyl-D-glucosamine and is actively involved in the cell aggregation step during biofilm production [14] . The genes of the icaADBC operon encode for the IcaA and IcaD transferase membrane proteins responsible for the biosynthesis of PIA which is exported by IcaC and modified by the IcaB de-acetylase [13, 15, 16] . Though S. epidermidis ica-positive isolates are usually associated with biofilm production, ica-negative biofilm-producers have been reported [17] [18] [19] . Multiple studies have demonstrated that some ica-negative biofilm producers have proteinaceous matrices and that proteins such as the accumulation-associated protein (Aap), the biofilm-associated protein (Bap), and the extracellular matrix-binding protein (Embp) play a pivotal role in cell aggregation during biofilm production [20] [21] [22] . Furthermore, teichoic acids and extracellular DNA (eDNA) have also been reported to be involved in the accumulation process during biofilm production of some S. epidermidis isolates [23] [24] [25] .
It has been demonstrated that S. epidermidis resides in the human skin forming biofilms [26] . Phenotypic and genotypic differences between commensal isolates of S. epidermidis and isolates obtained from sites of infection have been reported [17, 27] . In particular, a biofilm-production phenotype and the presence of the ica operon have been used as markers to differentiate between S. epidermidis isolated from normal human skin and S. epidermidis isolated from clinical samples. This suggests that an infectious environment may be exerting selection pressure to favour biofilmproducer S. epidermidis isolates [17, 27, 28] . However, biofilm-producer S. epidermidis isolates are also present in the skin of healthy individuals, such as blood donors, as exemplified by our reports of the isolation of biofilmpositive S. epidermidis from PCs [28, 29] . The goal of this work is to assess the potential positive selection of S. epidermidis biofilm-producers during the blood donation process and PC manufacturing by comparing the prevalence of biofilm-producers between 24 S. epidermidis isolates obtained from contaminated PCs and 48 S. epidermidis isolates acquired from the antecubital area of human skin (isolates that have not been in contact with blood products). This study also explored the possibility that the source of isolates and their genetic background could affect the ability of the strains to form biofilms in the PC milieu.
METHODS
Platelet concentrates (PCs) PC units were collected and processed at the Canadian Blood Services Network Centre for Applied Development (netCAD; Vancouver, BC) according to Canadian Blood Services' procedures [30] . PCs manufactured at Canadian Blood Services are suspended in plasma at an average platelets concentration of about 10 9 ml
À1
. All PCs were obtained from consenting, healthy volunteers. The research design was approved by the Canadian Blood Services Research Ethics Board. Sterility testing was performed using BacT/ ALERT BPA and BPN culture bottles as described before [31] .
PC contaminant isolates
Twenty-four S. epidermidis isolates obtained from contaminated PCs at Canadian Blood Services over a 5 year period (2008) (2009) (2010) (2011) (2012) (2013) were used in this study. The strains were isolated either during routine PC units screening or quality control sterility testing of outdated PCs [32] .
Human skin isolates
Forty-eight isolates of S. epidermidis were obtained from the antecubital fossa area of 48 healthy volunteers. Briefly, volunteers were screened for S. epidermidis isolation where contact plates (Oxoid Inc. or BBL D/E Neutralising Agar; BD) were applied to the antecubital fossa. White smooth and elevated colonies were selected to be subcultured on mannitol salt agar (MSA) plates. Any white, red or pink colonies (non-mannitol fermenters) were further subcultured on TSA to perform Gram staining and oxidase testing. After that, S. epidermidis isolates were identified by polymerase chain reaction (PCR) amplification of the cell division div-IVA gene, which allows the differentiation of this species from other coagulase negative staphylococci as described previously [28, 33] . S. epidermidis ATCC 12228 was used as a positive control for divIVA screening while Staphylococcus aureus ATCC 27664 served as a negative control. The Analytical Profile Index test (API Staph, bioM erieux) was performed on the divIVA positive isolates to confirm their identity as S. epidermidis [34] .
Presence of the icaA and icaD genes The presence of the biofilm associated icaA and icaD genes were assessed by PCR using the protocol described by Ali et al. [29] . For icaA, S. epidermidis Hamburg 9142 served as the positive control, while S. epidermidis Hamburg 9142
DicaA served as the negative control. As for icaD, the strains 9142 and 9142 DicaA served as positive controls while ATCC 12228 was the negative control.
Slime (PIA) production
Congo red agar plates were prepared according to Greco et al. [28] . S. epidermidis isolates were streaked on Congo red agar plates and left to incubate for approximately 40 h at 37 C. Each strain was streaked at least two independent times. Slime-producing isolates appear as black, dry, crusty colonies while slime-negative isolates result as pink, creamy colonies.
Quantification of biofilm production-Crystal violet assay
In media Briefly, polystyrene 6-well or 12-well TC plates (Falcon, Corning Inc.) were inoculated with bacterial suspension adjusted to OD 600 =0.1 in Trypticase Soy Broth (TSB) supplemented with 0.5 % glucose (TSBg). The plates were incubated statically at 37 C for 24 h to allow for production of mature biofilms. The supernatant was then aspirated and the wells were washed with 1X phosphate-buffered saline (PBS), pH 7.4. Gram crystal violet solution (BD Biosciences) was then added to each well and incubated at room temperature for 30 min. The crystal violet dye was removed and the wells were rinsed with 1X PBS. The biofilms were destained using 80 % ethanol: 20 % acetone (vol:vol) and incubated at room temperature for 15 min on the orbital shaker at~120 r.p.m. The intensity of the purple color was measured by quantifying the absorbance at a wavelength of 492 nm. The blank wells (contained only TSBg) were processed identically to the test wells. For each strain, the crystal violet assay was repeated at least two independent times, each time in duplicate. S. epidermidis Hamburg 9142 was used as the positive control and its isogenic non-biofilm producer strain, Hamburg 9142 DicaA, was used as the negative control [35] .
In PCs (suspended in plasma) Biofilm production assays in polystyrene plates were performed as described above with the exception that PCs were utilised as the bacterial culture media instead of TSBg. The plates were incubated for 5 days under PC storage conditions at 22±2
C with agitation to allow for production of mature biofilms. Although all 48 skin isolates were tested in PCs, only nine out of the 24 PC isolates were tested for biofilm production in PCs due to limited PC availability at the time of the study development. All assays were performed at least three independent times (different PC units), each time in duplicate. Since all S. epidermidis strains (including Hamburg 9142 DicaA) adopted a biofilm-positive phenotype in PCs, results of biofilm production in PCs were compared to those of the negative control (S. epidermidis Hamburg 9142 DicaA) in TSBg.
Statistical analyses
The final absorbance reading for each test well was corrected by subtracting the average absorbance value of the blank wells (inoculum-free TSBg or PCs) from the absorbance value of each test well. To assess the biofilm production abilities of the S. epidermidis skin-derived and PC-derived isolates, the average corrected absorbance at 492 nm of each isolate in TSBg or PCs was compared to three standard deviations above the average corrected absorbance of the negative control (S. epidermidis Hamburg 9142 DicaA) in TSBg (OD-neg). Any isolate with an average corrected absorbance value greater than the cut-off OD-neg value (greater than three standard deviations above the average of the negative control) was considered biofilm-positive [36] [37] [38] . Chi-square test was used to compare biofilm production prevalence between skin-derived and PC-derived isolates. To compare the abundance of icapositive and ica-negative biofilm-producer isolates from the same environment (skin or PCs), binomial test was used and comparisons between different environments (skin versus PCs) were performed using a Fisher's exact test. A P-value of <0.05 was considered statistically significant. Analyses were performed with the Statistical Analysis System (SAS, 2000-2004, SAS Institute, Inc., Cary, NC).
RESULTS
Biofilm production by S. epidermidis isolated from human skin All 48 skin isolates included in this study were confirmed to be S. epidermidis based on the PCR amplification of the cell division divIVA gene, and phenotypic characterisation using the API Staph strip. Biofilm production of the 48 isolates was assessed using a crystal violet assay and PCR amplification of the icaA and icaD genes. All 48 strains formed biofilms in PCs with nine of the 48 possessing the icaA and icaD genes (Table 1) . Large standard deviation in PCs biofilm production assays is due to intrinsic donor variation [39] , as every biological replicate was performed in a different PC unit. Logistically, it was not possible to perform all assays with the same PC unit as demonstrated in previous studies of biofilm production in PCs [29, [40] [41] [42] . Twentyone of the 48 skin isolates (43.7 %) formed biofilms in TSBg (Fig. 1) . Out of the 21 isolates that formed biofilms in TSBg (i.e. biofilm-producers), 12 (57.1 %) were ica-negative while nine (42.9 %) were ica-positive (P>0.05), with three out of the nine producing more biofilms in TSBg than in PCs (Table 1 , Fig. 1 ). Only the nine ica-positive strains produced slime in Congo red agar (Table 1) .
Biofilm production by S. epidermidis PC-derived isolates The species of the 24 S. epidermidis strains isolated from contaminated PCs included in this study was confirmed with the presence of the cell divIVA gene, and phenotypic characterisation using the API Staph strip. Data showed that six out of the 24 S. epidermidis isolates (25 %) were able to form biofilms in TSBg with four carrying the icaA and icaD genes ( Table 2) . Two of the six (33.3 %) isolates showed an ica-negative biofilm-positive phenotype, while the remaining four (66.6 %) were ica-positive biofilm-producers (P>0.05) (Fig. 2, Table 2 ). All ica-positive isolates had a biofilm-positive phenotype in the crystal violet assays and produced slime on Congo red agar plates ( Table 2) . Interestingly, ica-negative strain 10001 did not form biofilm in TSBg but presented a slime-positive phenotype on Congo red agar plates (Table 2 ). Nine PC isolates were further tested for biofilm production in PCs and all displayed a biofilm-positive phenotype in this environment (Fig. 2) . As mentioned above, biological replicates of biofilm production assays in PCs were performed in different PC units as it was not feasible to perform all assays with the same PC unit.
Prevalence of biofilm-producers S. epidermidis isolated in skin and PCs
The prevalence of ica-positive biofilm-producer isolates was similar in PCs and skin isolates [4 out of 24 (16.6 %) and 9 out of 48 (18.8 %), respectively, P=0.9999] when the total number of isolates in each group was considered. In contrast, the abundance of ica-negative biofilm-producers was three-fold lower in PC isolates compared to skin isolates [ 
DISCUSSION
This work highlights the genotypic and phenotypic characteristics associated with the biofilm-forming abilities of S. epidermidis in isolates obtained from human skin in comparison to S. epidermidis isolates recovered from contaminated PCs. It also investigates whether the site of strain isolation (antecubital fossa area of human skin versus contaminated PCs) and genetic background (presence of biofilm-associated ica genes) affect their ability to adopt a biofilm-forming phenotype under the PC storage environment. S. epidermidis biofilm-producers were detected in both groups (i.e. skin isolates and contaminated PCs) including ica-positive and ica-negative strains. This is consistent with previously published studies where both types of biofilm-producers have been isolated from clinical samples and healthy human skin [17, 27, 43] .
Our results showed that biofilm-producing isolates were almost double in skin-derived S. epidermidis compared to PC contaminants. Previous studies have demonstrated the Fig. 1 . Biofilm production abilities in TSBg and PCs of 48 skin-derived S. epidermidis isolates evaluated using a semi-quantitative crystal violet assay. Mean absorbance at wavelength 492 nm ±SD (standard deviation). S. epidermidis Hamburg 9142 is the positive control and S. epidermidis Hamburg 9142 DicaA is the negative control. Biofilms were allowed to grow statically at 37 C for 24 h for the TSBg experiments (two or more independent experiments, each performed in duplicate), and at 22±2 C for 5 days with agitation for the PC experiments (three or more independent experiments, each performed in duplicate). The horizontal dotted black line represents the cut-off value of three SD above the average the negative control S. epidermidis Hamburg 9142 DicaA in TSBg. Any value above the threshold line indicates positive biofilm production. The symbol # indicates ica-negative isolates with a biofilm-producing phenotype. 2018;67:190-197 opposite where the biofilm-producing phenotype and the presence of the ica operon were prevalent in S. epidermidis isolates obtained from clinical samples, such as infected joints and catheters and patient blood cultures, compared to strains isolated from normal human mucosa and skin [17, 27, 44, 45] . Arciola et al. reported that 49 % of screened catheter-associated infections of S. epidermidis were slimeproducer whereas none of their 10 skin and mucosa isolates were slime-producers [45] . The difference between our study (18.8 % of the 48 skin isolates) and Arciola et al. in the prevalence of slime-producers could be caused by different isolation sites and differences in sample size [45] . Ziebuhr and co-workers showed a significant higher prevalence of biofilm production (86.5 %) and presence of the ica operon (84.6 %) in sepsis-related S. epidermidis isolates compared to skin flora [17] . Kozitskaya et al. [46] observed a similar pattern of higher prevalence of the ica operon in S. epidermidis isolates from blood cultures (53 %) and urinary tract infections (94 %) compared to only 14 % in commensal strains [46] . However, in the present study, no differences in the proportion of ica-positive biofilm producers among skin and contaminated PCs isolates were observed. Collectively, our data indicate that the blood collection process and PC production do not exert a selection pressure for the isolation of more pathogenic S. epidermidis as observed in clinical/hospital settings, where there is a high exposure to stressful environments.
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Interestingly, a three-time higher proportion of ica-negative biofilm-forming isolates was found within the skin isolates compared to PC-derived S. epidermidis. These ica-negative biofilm producing isolates likely have a matrix composed of proteins, teichoic acids and/or eDNA [23, 24] . Since the disinfectants chlorohexidine and isopropanol alcohol used for blood donor skin disinfection act by causing cell membrane disruption, protein and nucleic acid precipitation and denaturation [47] , it is likely that ica-negative biofilm forming isolates are negatively selected during skin disinfection due to their matrix composition. Qin and colleagues reported a higher sensitivity to vancomycin antibiotic in ica-negative, protein/eDNA-based biofilms compared to ica-positive PIA-based biofilms of S. epidermidis [24] . Moreover, Fagerlund et al. had reported that Staphylococcus strains with protein-based biofilm-matrix were more susceptible to benzalkonium chloride [48] . The exact mechanism behind these patterns has not been defined; however, these differential sensitivities indicate that the type of biofilm matrix plays a role in the organism's susceptibility to elimination by chemical agents.
Data presented in this study showed a correspondence between the presence of icaA and icaD genes, slime production on Congo red agar and biofilm production by crystal violet assay in laboratory media. However, the S. epidermidis 10001 was a slime producer but it lacked the icaA and icaD genes and was not able to form biofilms in TSBg. This could be due to the interaction between the Congo red dye and other polysaccharides, such as the 20 kDa polysaccharide also produced by certain S. epidermidis isolates [49, 50] . Previously, our laboratory had documented the ability of the PC milieu to support a conversion of S. epidermidis isolates from a biofilm-negative to a biofilm-positive phenotype [29, 40] . These isolates were obtained solely from contaminated PCs. In the present study, results from previous studies were confirmed with a larger collection of strains isolated from PCs. Furthermore, skin isolates, which have not been in contact with blood components, were also tested. Interestingly, all 72 isolates tested herein, regardless of their source of origin, genetic background or ability to form biofilms in laboratory media, were able to produce a biofilm-forming phenotype in the PC storage environment. Although the mechanism involved in the production of a biofilm-forming phenotype of S. epidermidis during PC storage is not fully understood, our group has demonstrated previously that biofilm forming abilities of this bacterium are significantly reduced when PCs are prepared with 30 % plasma and 70 % of an additive solution instead of 100 % plasma or when platelet-poor-plasma is used [40, 51] . More recently, we have demonstrated that the presence of plasma is determinant for attachment of S. epidermidis cells to the inner surfaces of PC storage containers [52] . This indicates that both, plasma factors and platelets, are needed by S. epidermidis to adopt a biofilm-forming phenotype in PCs regardless of the organism's ability to form biofilms in laboratory media. Some plasma proteins such as albumin, fibrinogen, fibronectin, and vitronectin have been shown to rapidly adsorb and condition abiotic surfaces enhancing S. epidermidis adhesion to these surfaces by bacteria-protein interactions [53] [54] [55] . The S. epidermidis fibrinogen-binding protein SdrG (serine-aspartate repeat G) has been shown to interact with platelets and this bacterium-platelet interaction leads to platelet activation and aggregation [56, 57] . Also, Dastgheyb et al. had shown that fibronectin-and fibrinogen-binding proteins play a role in enhancing S. aureus macroscopic aggregates and clumps in synovial fluid [58] . Moreover, it has been shown that the contact between a biomedical polymer surface with activated platelets promotes S. epidermidis adhesion to the surface [59] . Taken together, there is increased evidence that the presence of plasma proteins and platelets trigger the biofilm production phenotype of S. epidermidis observed in the PC milieu.
This work provides evidence that the biofilm-producer S. epidermidis phenotype is not positively selected during blood collection and PC production due to a lack of selection pressure. However, our data indicates that the donation process negatively affects the survival of ica-negative biofilm-producers possibly due to a non-polysaccharide structure of the biofilm matrix of these strains. Furthermore, this work has shown that S. epidermidis adopts a biofilmproducing phenotype in PCs regardless of their genetic background or source of origin. Future studies should focus Fig. 2 . Biofilm production abilities in TSBg and PCs of S. epidermidis isolates recovered from contaminated PCs evaluated using a semi-quantitative crystal violet assay. Mean absorbance of crystal violet dye at wavelength 492 nm, ±SD (standard deviation). S. epidermidis Hamburg 9142 is the positive control and S. epidermidis Hamburg 9142 DicaA is the negative control. Biofilms were allowed to grow statically at 37 C for 24 h for the TSBg experiments (three or more independent experiments, each performed in duplicates), and at 22±2 C for 5 days with agitation for the PC experiments (nine strains were screened, five independent experiments, each performed in duplicate). The horizontal dotted black line represents the cut-off value of three SD above the average the negative control S. epidermidis Hamburg 9142 DicaA in TSBg. Any value above the threshold line indicates positive biofilm production. The symbol # indicates ica-negative isolates with a biofilm-positive phenotype.
on studying the structure of the biofilm matrix of S. epidermidis grown in regular media compared to PCs and on understanding the molecular mechanisms of the phenotypic changes observed when S. epidermidis is grown in PCs. Ultimately, combined studies will advance knowledge to control staphylococcal biofilm production in PCs and improve the safety of transfusion patients.
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